Purpose: Impulse oscillometry (IOS) has been proposed as an alternative test to evaluate the obstruction of small airways and to detect changes in airways earlier than spirometry. In this study, we sought to determine the utility and association of IOS parameters with spirometry and asthma control in an adult population. Patients and methods: Adults 14-82 years of age with asthma were classified into uncontrolled asthma (n=48), partially controlled asthma (n=45), and controlled asthma (n=49) groups, and characterized with fractional exhaled nitric oxide (FE NO ), IOS, and spirometry in a transversal analysis planned as a one-visit study. The basic parameters evaluated in IOS are resistance at 5 Hz (R 5 ), an index affected by the large and small airway; resistance at 20 Hz (R 20 ), an index of the resistance of large airways; difference between R 5 and R 20 (R 5 -R 20 ), indicative of the function of the small peripheral airways; reactance at 5 Hz (X 5 ), indicative of the capacitive reactance in the small peripheral airways; resonance frequency (Fres), the intermediate frequency at which the reactance is null, and reactance area (XA), which represents the total reactance (area under the curve) at all frequencies between 5 Hz to Fres. Results: There were statistical differences between groups in standard spirometry and IOS parameters reflecting small peripheral airways (R 5 , R 10 , R 5 -R 20 , Fres, XA and X 5 ) (P<0.001). Accuracy of IOS and/or spirometry to discriminate between controlled asthma vs partially controlled asthma and uncontrolled asthma was low (AUC=0.61). Using linear regression models, we found a good association between spirometry and IOS. In order to evaluate IOS as an alternative or supplementary method for spirometry, we designed a predictive model for spirometry from IOS applying a penalized regression model (Lasso). Then, we compared the original spirometry values with the values obtained from the predictive model using BlandAltman plots, and the models showed an acceptable bias in the case of FEV 1 /FVC, FEV 1 %, and FVC%. Conclusion: IOS did not show a discriminative capacity to correctly classify patients according to the degree of asthma control. However, values of IOS showed good association with values of spirometry. IOS could be considered as an alternative and accurate complement to spirometry in adults. In a predictive model, spirometry values estimated from IOS tended to overestimate in low values of "real" spirometry and underestimate in high values.
Introduction
In daily practice, evaluation of asthma control is based on physician assessments and lung function tests, mainly obtained by spirometry. However, the parameters of spirometry provide a weak correlation with asthma symptoms as they mainly reflect the flow throughout the central airways, [1] [2] [3] while small peripheral airways (<2 mm diameter) play an important role in persistent bronchial asthma. 4, 5 It has been reported in some studies that impulse oscillometry (IOS) is capable to differentiate healthy subjects from patients with respiratory complaints by identifying increased distal airway resistance not detected by spirometry. 6-8 6 IOS shows the respiratory system impedance (Z) at different frequencies of oscillation. Impedance depends basically on resistance (R) and reactance (X) of the respiratory system. The basic parameters evaluated in IOS are resistance at 5 Hz (R 5 ), an index affected by the large and small airway; resistance at 20 Hz (R 20 ), an index of the resistance of large airways; difference between R 5 and R 20 (R 5 -R 20 ) , indicative of the function of the small peripheral airways; reactance at 5 Hz (X 5 ), indicative of the capacitive reactance in the small peripheral airways; resonance frequency (Fres), the intermediate frequency at which the reactance is null; and reactance area (XA), which represents the total reactance (area under the curve) at all frequencies between 5 Hz to Fres. X 5 , Fres, and XA reflect changes in the reactance of the airway. Clinical and physiological studies with IOS previously published suggest that these parameters, together with R 5 -R 20 , are increased in small airway disease. 9-11 R 20 and R 5-R 20 parameters increased at the same time would reflect central and peripheral obstruction of the airway. Performing IOS is effort-independent and requires minimal collaboration from the patient. The principal limitation of IOS is the lack of reference values and cutoff points for all populations, although in the last years there are significant progresses in this regard. [12] [13] [14] [15] [16] In healthy and asthmatic population, airway resistance, especially at lower frequencies, is inversely correlated to age and height; younger children generally have higher airway resistance than older children and adults. 17 With a standardized method, the short-term intra-individual variation coefficient of IOS parameters in healthy adults ranges 5% to 15%, and the day-to-day variability is reported to be 10-11%. 9 IOS has been studied mainly in children, and in this population, results show some sensitivity and accuracy to diagnose asthma [18] [19] [20] [21] [22] [23] although there are some contradictory results. 24 Some studies have focused on the correlation between IOS parameters and the control and monitoring of asthma. 25 Another study found that IOS correlated better with clinical symptoms and asthma control than spirometry in patients with asthma. 26 It has been reported that IOS parameters can discriminate better than spirometry between controlled asthma and uncontrolled asthma in children 7 and could predict loss of asthma control. 27 IOS could be useful to differentiate asthma from COPD through inspiratory-minus-expiratory X 5 parameters assessment. 28 Although there are some evidence proving the correlation between IOS parameters and other functional parameters of asthma, IOS has not yet become a standard methodology for the routine assessment of lung function in clinical practice, and further studies are needed to determine the interpretation and clinical application of IOS parameters. IOS should be tested in order to evaluate its role in daily clinical practice, mainly to differentiate between patients with controlled and uncontrolled asthma.
Our study aims to evaluate the utility and correlation of IOS parameters with spirometry and asthma control in an adult population.
Materials and methods

Study design
A transversal analysis was planned as a one-visit study. At the visit, collection of demographic and clinical data was followed by completing the Asthma Control Questionnaire (ACQ-7), the Asthma Control Test (ACT), and the Asthma Quality of Life Questionnaire (AQLQ). Adherence to therapy was evaluated by the Morisky-Green test. On the same day, blood was drawn to measure total IgE, eosinophil cationic protein (ECP), and the eosinophil count in peripheral blood. Total IgE and ECP were quantified by the UNICAP immunoanalysis system (Pharmacia Uppsala, Sweden).
According to GINA 2012 criteria, subjects were classified into three groups: uncontrolled, partially controlled, and controlled asthma. All data were collected in a database (Open-access, Microsoft) for further statistical analysis.
Study population
One hundred and forty-two consecutive asthma outpatients were invited to participate in the study between June 2013 and April 2014. Subjects fulfilled the American Thoracic Society (ATS) criteria for asthma and had no other respiratory diseases. Diagnosis of asthma was confirmed by a positive bronchodilator test (12% increase in FEV 1 and >200 mL) and/or a positive metacholine challenge test (PD 20 <1 mg/mL or PC 20 <8 mg/mL). All participants were nonsmokers or ex-smokers since 1 year (with a history of tobacco exposure <5 pack-years). Patients needing oral corticosteroid treatment within 4 weeks of the screening visit were excluded. The study was performed in compliance with the Declaration of Helsinki, and a parent or legal guardian provided written informed consent for any participant under the age of 18 years. The study was approved by the Biomedical Research Ethics Committee (Polytechnic and University Hospital La Fe) with registry number 2013/0137.
Lung function tests
FE NO (average of three determinations) and IOS (average of three determinations) were always determined before spirometry, to avoid the influence of forced breathing maneuvers on IOS. All measurements were made before bronchodilation. , resonance frequency (Fres), and reactance area (AX) in absolute and relative values. We included two parameters Rc (central resistance) and Rp (peripheral resistance) which were not derived from the isolated models of the impedance basic components, but result from a complex lung model according to Mead, 29 calculated by the software of IOS Masterscreen.
Statistical analysis
Data were summarized using mean and standard deviation in the case of continuous variables and absolute and relative frequencies in the case of categorical variables. Differences in spirometry and IOS measurements between groups (uncontrolled, partially controlled, and controlled asthma) were assessed using the Kruskal-Wallis tests. A logistic regression model was performed to assess the capability of the different IOS and spirometry parameters to discriminate among the different asthma control groups. Correlation among the different parameters of spirometry and IOS was assessed using Spearman's rank correlation coefficient. In order to evaluate IOS as an alternative to spirometry, a predictive multivariate model using penalized regression (Lasso) was fitted for predicting spirometry values from IOS measurements. Accuracy of the model was assessed using Bland-Altman plots of predicted versus observed values for each of the spirometry parameters. All statistical analyses were performed using R (version 3.2.1) and R-packages glmnet (version 2.0-2) and pROC (version 1.8).
Results
Clinical and demographic characteristics
The mean age of the study population was 44.6 years (14-82) with 72 patients of female gender (51%). Patients were classified into three groups (Table 1) according to criteria defined in GINA 2012: uncontrolled asthma (n=48), partially controlled asthma (n=45), and controlled asthma (n=49).
Measurements of spirometry and IOS
The parameters of standard spirometry (Table 2) and IOS (Table 3) were compared between groups. There were statistically significant differences between the three groups in standard spirometry parameters (FEV 1 , FEF , and FEV 1 /FVC ratio). Concerning IOS parameters, there were statistically significant differences in Z, R 5 , R 10 , R 5 -R 20 , Fres, XA, and X 5 (P<0.001). R 20 , R 20 %, R 10 %, and Rc, parameters mainly dependent on central airways, were homogeneous among groups. Maximal differences were observed for R 5 -R 20 . Results of X 5 were highly variable in the three groups.
Variable correlations
The accuracy of IOS and/or spirometry to discriminate between three groups was evaluated through ROC curves. Uncontrolled asthma and partially controlled asthma group were analyzed together versus controlled asthma group to improve the predictive ability of both tests. All spirometry and/or IOS parameters were included in the analysis. The apparent area under the ROC curve (AUC) was 0.76, but when the predictive capacity was assured through crossvalidation, the AUC was 0.61 ( Figure 1 ). In Figure 2 we show the correlations between the different IOS and spirometry parameters.
In order to evaluate IOS as an alternative to spirometry, a predictive model for spirometry from IOS was obtained. The values of IOS, Z 5 %, R 20 %, X 5 , X 5 %, Rc, Rp, and Fres were selected as predictive variables for spirometry. Predictive capacity of this set of variables has been contrasted with a series of predictions for the spirometry variables: FVC, FVC%, FEV 1 , FEV 1 %, FEV 1 /FVC, FEF , and FEF 25-75 % . Both methods were compared using the original values of spirometry and spirometry values calculated from IOS. Figure 3 shows the results of Bland-Altman plots for each of the comparisons of the seven variables of spirometry. In all comparisons, there is a proportional error determined by the trend shown in the graph. Despite the apparent absence of bias (as the average of all points fall to zero), there is a general tendency of IOS to overestimate in low values of spirometry and underestimate in high values.
Discussion
In this study, IOS showed a low capacity to discriminate between controlled versus not controlled and partially controlled asthma patients.
Patients with uncontrolled asthma or partially controlled asthma had a higher mean age, duration of disease, and BMI than controlled asthma subjects. We observed a good correlation between the degree of asthma control, according to GINA 2012 guidelines, and the score value of ACQ-7 according to the accepted cut offpoints. 30 The ACT also showed a good correlation with the asthma control level, with score values in the range of the accepted ones. Although the study population included patients with longterm asthma regularly attended at an Allergy Department, the prevalence of "not well-controlled patients" was 65.5%. Similar values were described in previous studies. 31 An epidemiological study carried out in our country reported adequate asthma control only in 13% of the subjects. 32 Mean FE NO values were 53.6 ppb, corresponding with the allergic asthma phenotype of the sample, and there were no differences according to the degree of asthma control. ECP serum levels were also similar in the three groups. Total IgE was higher in uncontrolled asthma group, in agreement with previous reports. 33 Differences among the three groups of asthma were observed for IOS values, in Z 5 , R 5 , R 5 -R 20 , X 5 , Fres, and XA, parameters representing small airway disease. R 20 values were within normal limits, reflecting the absence of central airway obstruction. However, R 5 -R 20 values were increased in the partially controlled and uncontrolled groups, reflecting peripheral obstruction of the airways.
The high variability in the results of reactance (X 5 ), detected in our study, has been reported previously. 9,12. Patients with asthma have a more negative X 5 compared with control subjects. [34] [35] [36] The differences observed in the IOS values were not large enough to discriminate among groups, with an important overlap between the three groups. Consequently, we performed a L1 and L2 Penalized Regression Model (Elastic Net) to discriminate between the controlled asthma group and the other two groups (uncontrolled/partially controlled) from IOS and/or spirometry parameters. For this predictive model, parameters of spirometry and IOS were jointly analyzed. The AUC was 0.76. However, when predictive capacity through cross- validation was assessed, the AUC was lower (AUC: 0.61). This result differs from the reported in a children population showing a better discriminative ability of IOS, with cutoff points for baseline R 5 -R 20 and XA that effectively discriminated controlled versus uncontrolled asthma (AUC: 0.86 and 0.84) and correctly classified more than 80% of the population. 26 It is well known that the correlation between asthma symptoms and objective measures of airway obstruction, measured with spirometry, is poor in adults. 3 However, IOS
was not used before for this purpose in an adult population. Although we found some differences between groups regarding the values of spirometry and specially IOS parameters, these differences were not enough to develop a reliable predictive model to discriminate between asthma-controlled subjects and uncontrolled/partially controlled subjects.
Using linear regression models, we found a good association between spirometry and IOS, as in previous studies.
37 Figure 3 represents the associations between parameters. We presumed that a high association between different variables means that each parameter provides similar information rather than complementary information in the development of a predictive model. In this sense, IOS may represent a good alternative to spirometry, to evaluate lung function in adult asthma, due to the simplicity of the technique. Nevertheless, it is necessary to have reliable reference values. In order to evaluate IOS as an alternative or supplementary method for spirometry, we designed a predictive model for spirometry from IOS applying a penalized regression model (Lasso). This has allowed to compare the original spirometry values with the values obtained from the predictive model using Bland-Altman plots. In the case of FEV 1 /FVC, FEV 1 %, and FVC%, the models showed an acceptable bias and the approximations are good enough to replace the actual values of spirometry. For the other variables of spirometry, biases are too large, though clearly showed an association. It is possible that the development of more advanced, nonlinear, models diminishes the bias. Our data have some limitations in terms of this being a cross-sectional design and include a relatively small number of patients. Moreover, the long duration of asthmatic disease of the studied population may influence the functional results due to the induced structural changes over time. This fact could explain some differences observed between our results and other studies performed in children.
Conclusion
IOS values showed significant differences between uncontrolled, partially controlled, and controlled asthma subjects, but the test did not show a discriminative capacity to correctly classify patients according to the degree of asthma control. However, values of IOS showed good correlation with the values of spirometry. Consequently, IOS could be considered as an alternative and accurate complement to spirometry, both in children and in adults. In a predictive model, spirometry values estimated from IOS tended to overestimate in low values of "real" spirometry and underestimate in high values.
